Aim: To investigate the effects and underlying mechanisms of 118, a novel derivative of mycophenolic acid, in a murine allogeneic skin graft model. Methods: Skin grafts were conducted by grafting BALB/c donor tail skin into C57BL/6 skin beds (allograft) or by grafting female C57BL/6 donor tail skin into female C57BL/6 skin beds (syngraft). The mice were treated with the derivative 118 (40 mg· kg
Introduction
Acute allograft rejection remains a major problem in clinical transplantation [1] . Mycophenolate mofetil (MMF), a prodrug of mycophenolic acid (MPA), has been widely used to prevent allograft rejection [2] [3] [4] . MPA inhibits inosine monophosphate dehydrogenase (IMPDH), the rate-limiting enzyme in the de novo synthesis of guanosine nucleotides. IMPDH has 2 isoforms, IMPDH I and II. IMPDH I is nearly ubiquitously expressed, while IMPDH II is expressed mainly in activated lymphocytes. MPA selectively inhibits IMPDH II and thus preferentially inhibits the activation of lymphocytes over other cell types [5, 6] . It has been well established over several decades # These authors contributed equally to this work. * To whom correspondence should be addressed.
that MMF suppresses T cell activation and proliferation and thus exerts immunosuppressive effects.
The IL-23/IL-17 and IL-12/IFN-γ axes are emerging as critical players in host defenses against infections and in autoimmune diseases. IL-23 has a unique p19 subunit but shares the p40 subunit with IL-12 and is secreted by macrophages and dendritic cells (DCs) very rapidly during infections or inflammatory responses. Although IL-23 is not essential for the differentiation of Th17 cells, it can maintain the Th17 phenotype and was shown to be one of the strongest factors in the direct induction of IL-17 production from Th17 cells, even in the absence of T-cell receptor engagement [7] . MMF has been reported to decrease atherosclerotic lesions in a murine chronic vascular inflammation model [8] and to suppress granulopoiesis through the inhibition of IL-17 production in a bone marrow transplantation model [9] . Once produced, IL-17 acts primarily to induce chemokine expression and to recruit neutrophils; it thus initiates and accelerates inflammatory responses. MMF www.nature.com/aps Kong FY et al Acta Pharmacologica Sinica npg has been reported to effectively suppress inflammatory cell infiltration and inhibit tubular cell proliferation in rat kidney grafts [10] . Neutrophil-and monocyte-recruiting chemokines, including CCR6, CXCL1, CXCL2, CCL2, and CCL7, are major factors that are upregulated by IL-17 [11] . MMF has been reported to have strong effects on the chemokine profiles of colon, kidney and pancreatic carcinomas [12] . Additionally, recent reports have established that IL-17 is an essential component in cases of acute allograft rejection. Increased intragraft IL-17 levels were observed during allograft rejection in animal heart and renal allograft models [13] , and an IL-17R-Ig fusion protein significantly prolonged graft survival in aortic and heart allograft rodent models [14] . Furthermore, IL-17 mRNA and protein were elevated during acute rejection episodes in human renal and lung allograft cases [15] . A derivative of MPA, 118, possesses similar in vitro immunosuppressive activities to MMF. The chemical structure of 118 is shown in Figure 1 . Herein, we examined the therapeutic effects and mechanisms of 118 on murine acute skin allograft models, with a particular focus on Th17 profiles. The results showed that treatment with 118 significantly prolonged the lifespan of skin grafts. Additionally, 118 did not directly inhibit the Th17 cell polarization, but it suppressed IL-23 expression in the grafts and ultimately inhibited local IL-17 levels. In summary, the present study demonstrated that 118 had therapeutic effects in an allogeneic murine skin graft model. In addition to the classic inhibitory effects of MMF on T cell proliferation, the suppression of IL-23 expression by the innate immune system might also be a beneficial effect when using MMF and its analogues to treat transplant rejection. Female BALB/c (H-2 d ) and C57BL/6 (H-2 b ) mice were obtained from the Shanghai Laboratory Animal Center of the Chinese Academy of Sciences and were used at 8 to 10 weeks of age. All mice were housed in specific pathogen-free conditions (12-h light/12-h dark photoperiod, 22±1 °C, 55%±5% relative humidity). All experiments were performed according to the institutional ethical guidelines on animal care and were approved by the Institute Animal Care and Use Committee at the Shanghai Institute of Materia Medica.
Materials and methods

Animals
Skin transplantation
For allogeneic grafts, full thickness BALB/c tail skin grafts with areas of 5 mm×5 mm were engrafted onto the backs of recipient C57BL/6 mice. For syngeneic grafts, full thickness female C57BL/6 tail skin grafts with areas of 5 mm×5 mm were engrafted onto the backs of recipient female C57BL/6 mice. The grafts were covered with Vaseline, gauze and a clinical securing bandage for 8 d. Skin graft survival was monitored on d 9, and rejection was defined as necrosis of more than 80% of the graft tissue. From d 7 onward, digital photographs were taken of each mouse, and graft survival was evaluated by two inspectors who were blinded to the particular experimental groups. There were 15 animals in each experimental group, and 118 (40 mg/kg) or vehicle control was administered orally once per day per animal.
Tissue preparation for FACS analysis
The skin grafts were carefully isolated and digested for 1 hour at 37 °C with 125 units/mL of type XI collagenase, 60 units/ mL of DNase I, 60 units/mL of type I-s hyaluronidase, and 450 units/mL of type I collagenase (Sigma, St Louis, MO, USA) in PBS with 20 mmol/L HEPES. After digestion, the suspensions were filtered through 40-μm cell strainers to remove larger pieces of residual tissue. The resulting single-cell suspensions were washed, counted, and analyzed by flow cytometry on a FACSCalibur system with Flowjo software.
In vitro helper T cell differentiation
In vitro helper T cell differentiation and intracellular staining protocols were performed as follows. Briefly, splenocytes from naïve C57BL/6 mice were blocked with saturating concentrations of an anti-mCD16/CD32 mAb. After blocking, the cells were enriched by magnetic selection to remove CD8-, B220-, CD44-, and CD11b-expressing cells. The remaining cells were combined with L3T4 beads (Miltenyi Biotec) to permit positive selection on a MACS mini-separation magnetic column (MS Columns, Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of the resulting cells was determined by flow cytometry analysis and was consistently >95%. The cells were plated at a density of 2×10 5 /well and stimulated with anti-CD3 (5 μg/ mL, 145-2C11, BD Bioscience, San Jose, CA, USA) and anti-CD28 (2 μg/mL, 37.51, BD Bioscience, San Jose, CA, USA) mAb. For Th1 differentiation, the cultures were supplemented with rIL-12 (10 ng/mL) and anti-IL-4 (10 μg/mL). For Th17 differentiation, the cultures were supplemented with rmIL-23 (20 ng/mL), TGF-β1 (5 ng/mL), and IL-6 (20 ng/mL). Additionally, IFN-γ and IL-4 were neutralized in the Th17 cultures with anti-IFN-γ (10 μg/mL, XMG1.2, eBioscience, San Diego, CA, USA) and anti-IL-4 (10 μg/mL, 11B11, eBioscience, San Diego, CA, USA) mAb. For Treg differentiation, purified T cells were incubated under activating conditions and polarized with 3 ng/mL rh TGFβ, 10 μg/mL anti-IFNγ, and 10 μg/mL anti-IL-4. After 96 h, the cells were restimulated for 5 h with PMA and ionomycin, CD4 + T cells were restimulated for 5 h with phorbol myristate acetate (PMA, 50 ng/mL, 
Flow cytometric analysis
The cells isolated from the skin grafts were directly stained for surface markers. To detect intracellular cytokines, the cells were stimulated in vitro with 50 ng/mL phorbol myristate acetate (PMA, Sigma-Aldrich), 750 ng/mL ionomycin (SigmaAldrich) and Brefeldin A (10 μg/mL, Invitrogen) in a 24-well plate and were incubated at 37 °C for 4 to 5 h before staining. After surface staining, the cells were washed and resuspended in fixation/permeabilization solution and were subsequently stained intracellularly, according to the manufacturer's protocol (Foxp3 staining buffer set, eBioscience). The following reagents were used: FITC-and PE-anti-mCD4 (GK1.5), FITC-and PE-anti-mCD3 (145-2C11), PE-anti-mCD8 (2.43), FITC-and PE-anti-mCD11c (HL-3), biotinylated-and PE-antimCD11b (M1/70), FITC-anti-mIFN-c (XMG1.2), PE-antimIL-17 (TC11-18H10), and FITC-anti-mGr-1 (RB6-8C5), which were purchased from BD Pharmingen (San Diego, CA, USA); and FITC-anti-mF4/80 (BM8), PE-Cy5-anti-mouse/rat FoxP3 (FJK-16s), PE-Cy5 and FoxP3 Staining Buffer Set, which were purchased from eBioscience [16, 17] .
Histopathologic analysis of skin grafts
Mice were sacrificed at 9 d after transplantation. The skin grafts were harvested and processed by formalin fixation and paraffin embedment, cut into approximately 5-μm sections and stained with hematoxylin and eosin (H&E). The slides were reviewed in a blinded fashion by two qualified pathologists to assess the degree of graft rejection. The modified scoring system for acute mouse skin allograft rejection was proposed by Cendales et al [18] . Grade 0 (nonspecific changes) is defined as a low infiltration of inflammatory cells into the epidermis. Grade 1 (mild rejection) is defined as inflammatory infiltration into the perivascular and adnexal glands, hair shafts and epidermis. Grade 2 (moderate rejection) is defined as the presence of a band-like infiltration just beneath the dermal-epidermal junction in addition to prominent inflammation. Grade 3 (severe rejection) is defined as the presence of a significant number of infiltrating inflammatory cells as well as necrotic keratinocytes that form a space between the epidermis and the dermis. In the latter grade, the grafts partially or completely detach from the host.
RNA isolation and quantitative RT-PCR
Freshly harvested graft tissue was immediately frozen. For each analysis, 100 ng of total RNA was isolated with the RNAsimple Total RNA Kit (Tiangen), according to the manufacturer's protocol, and stored at -70 °C until the time of analysis. The quantification of chemokines, IL-17A, IL-23p19, and other mRNA expression levels in the skin grafts and splenocytes were evaluated by qRT-PCR with SYBR Green PCR Reagents (Qiagen, Valencia, CA, USA), according to the manufacturer's protocol. The relative mRNA expression levels were reported as ∆∆Ct ratios and were calculated as the Ct value for the gene of interest/Ct value of the housekeeping gene. The relative mRNA expression levels of the indicated genes were quantified using a 7500 Fast Real-Time PCR System (Applied Biosystems, Table 1 ).
Mixed lymphocyte culture reaction BALB/c splenocytes (3×10 5 cells/well, stimulator cells) were γ-irradiated with 30 Gy (Gamma cell 3000) and co-cultured with C57BL/6 splenocytes (3×10 5 cells/well, responder cells) in the presence of 118. After 72 h, the cells were pulsed with 1 μCi/well of [ 3 H]-thymidine and incubated for another 24 h. The cells were harvested onto glass fiber filters, and the incorporated radioactivity was counted on a Beta Scintillation Counter.
ELISA for cytokine detection Cytokines in the culture supernatants were assayed with mouse IFN-γ, IL-17, and IL-10 ELISA kits (all from BD Pharmingen, San Diego, CA, USA), according to the manufacturer's instructions.
Statistical analysis
To determine the graft survival rates, Kaplan-Meier graphs were constructed, and a log-rank comparison of the groups was used to calculate the P-values. For the cytokine levels, the data were presented as the means±SD, and comparisons between the values were performed with the two-tailed Stu- 
Results
118 prevented graft rejection in a murine allogeneic skin graft model Allogeneic murine skin grafts were performed by grafting BALB/c donor tail skin into C57BL/6 skin beds. The mice were subsequently orally treated with 118 or a vehicle control for 13 consecutive days (3 d before and 10 d after the transplantation). In the vehicle-treated group, the skin grafts became hard and black and shrank gradually after transplantation, and they were almost completely rejected at 9 to 11 day after transplantation (Figure 2A, 2B) . In contrast, 118 treatment significantly increased graft survival (Figure 2A ). After the treatments, the skin grafts were harvested for histologic examination. As shown in Figure 1C , the syngraft group displayed no inflammatory infiltration at the 9th day after skin transplantation and thus received a grade 0 rejection score. By contrast, the allograft group displayed significant inflammatory infiltration and tissue destruction and thus received a grade 3 rejection score. In the 118-treated group, a diffuse infiltration was observed without tissue destruction, indicating grade 1 rejection. Therefore, 118 considerably suppressed inflammatory infiltration and tissue destruction in the skin grafts.
118 decreased cell infiltration into grafts in a murine allogeneic skin graft model Allograft transplantation results in a rapid infiltration of innate immune cells into the graft [19] . We collected the grafts at differ- Figure 2 . 118 prevented skin graft rejection in a murine allogeneic skin graft model. Skin grafts were performed by grafting BALB/c donor tail skin into C57BL/6 skin beds (allograft) or by grafting female C57BL/6 donor tail skin into female C57BL/6 skin beds (syngraft). The syngrafted or allografted mice (n=15 per group) were orally treated with the vehicle control or 118 (po, 40 mg·kg -1 ·d -1 ) 3 d before transplantation, as described in Materials and methods. Grafts were scored as fully rejected when >80% necrosis was observed. Skin grafts were collected on d 9 after transplantation, and the sections were stained with H&E to assess inflammation. Figure 3 ). The flow cytometric results were consistent with the histologic results and further confirmed that the percentages of skin graft-infiltrating lymphocytes, neutrophils, monocytes, DCs and macrophages were significantly lower in the 118-treated group than that in the vehicle-treated group (Figure 3) .
118 decreased the expression levels of chemokines and IL-17 but did not affect helper T cell differentiation in a murine allogeneic skin graft model Because chemokine expression is important to the development of murine allogeneic skin graft rejection, chemokine mRNA expression levels were determined ex vivo by qRT-PCR. The results showed that the mRNA expression levels of CXCL1, CXCL2, CCL7, and CCL2 were decreased remarkably in the 118-treated group ( Figure 4A ). The levels of CCR6 mRNA, which is usually expressed by IL-17-producing Th17 cells, were less affected ( Figure 4A ). Next, we examined IL-17 expression in the grafts. As shown in Figure 4B , 118 treatment strongly suppressed IL-17 expression.
To examine the effects of 118 on the Th1, Th17, and Treg profiles in the grafts, the lymphocytes were isolated and intracellularly stained to examine the Th1, Th17, and Treg populations. As shown in Figure 4C , 118 treatment exerted only minor influences on the expression of IFN-γ, IL-17, and Foxp3 in CD4 + T cells compared to cells from the allograft group. Furthermore, the mRNA levels of T-bet and Foxp3 were not altered in the skin grafts, thus confirming that 118 treatment did not affect the infiltration of Th1 and Treg cells into the skin grafts ( Figure 4B, 4C) .
118 decreased IL-23p19 expression in grafts through the inhibition of TLR4 and MyD88 in a murine allogeneic skin graft model Because 118 did not affect CCR6 expression but significantly inhibited IL-17 expression in the grafts, we examined the inducible factors that lie upstream of these proteins in Th17 cells. As shown in Figure 5A , 118 treatment did not affect RORγt expression in the grafts. As RORγt is a transcription factor that is critical to the development of Th17 cells, this result indicated that 118 treatment did not affect Th17 differentiation in the murine allogeneic skin grafts.
IL-23p19 does not strongly affect Th17 cell differentiation but can directly drive IL-17 production from both Th17 cells and IL-17-producing innate cells [20] . To determine the effects of 118 on IL-23p19 expression, we analyzed the IL-23p19 mRNA levels in both splenocytes and skin grafts. The results showed that 118 significantly decreased the levels of IL-23p19 mRNA in the skin grafts but not in the splenocytes, in comparison to the vehicle treated group ( Figure 5B) .
We further examined the levels of TLR2, TLR4 and MyD88 mRNA in the skin grafts, as these proteins are closely related to IL-23p19 expression. As shown in Figure 5C , the levels of TLR2 mRNA were unaffected, while the levels of TLR4 and MyD88 mRNA were significantly decreased in the 118-treated group compared with the control group.
118 inhibited allogeneic responses ex vivo but exerted fewer effects on helper T cell differentiation An allogeneic mixed lymphocyte reaction was performed after treatment with 118. Lymphocytes from each group were collected and cocultured with irradiated naïve C57BL/6 splenocytes for 96 h. Proliferation was measured by [ 3 H]-thymidine incorporation during the final 24 h. As shown in Figure 6A , lymphocyte proliferation was significantly lower in the 118-treated group than in the control group.
Next, the supernatants from the allogeneic MLRs were collected and the IFN-γ and IL-10 levels were determined by enzyme-linked immunosorbent assays (ELISA). As shown in Figure 6B , 6C, and 6D, the IFN-γ, IL-17, and IL-10 levels were not significantly affected in supernatants from the 118-treated group when compared with those from the control group, 
Discussion
The present study demonstrated that the oral administration of 118 effectively increased the murine allogeneic skin graft survival rate. The therapeutic effects of 118 resulted mainly from the inhibition of innate cell activity within the grafts. Treatment with 118 significantly suppressed lymphocyte, neutrophil and monocyte infiltration and decreased chemokine expression in the grafts. In particular, 118 treatment inhibited IL-23p19 expression and thus suppressed IL-17 expression in the grafts.
Both the innate and adaptive immune systems mediate acute graft rejection. Initially, the Th1 response was thought to play the pivotal pathogenic role [21] . However, this notion was challenged by the findings that IL-17 was critically associated with allograft rejection [22, 23] . IL-17 is an important mediator that affects downstream inflammatory events, predominantly by recruiting neutrophils and monocytes to the grafts through the upregulation of monocyte and neutrophil-recruiting chemokines [24, 25] . In the present study, our data revealed that 118 significantly decreased the inflammatory infiltration of the grafts. Subsequently, we found that 118 inhibited the local expression of IL-17-induced chemokines. Further results directly demonstrated that 118 suppressed IL-17 expression in the grafts. However, 118 did not influence the expression of CCR6, a chemokine that is mainly expressed by Th17 cells, in the grafts. Thus, these findings urged us to further determine the influence of 118 on the development and function of Th17 cells.
Recently, Ivanov et al [26] demonstrated that the orphan nuclear receptor RORγt was a key transcription factor that mediated Th17 cell differentiation. Herein, the levels of RORγt mRNA were not affected, suggesting that 118 treatment did not suppress Th17 lineage commitment and local infiltration into the skin grafts. Previously, IL-23 was reported to possess a strong ability to directly induce IL-17 production from www.chinaphar.com Kong FY et al Acta Pharmacologica Sinica npg Th17 cells. To determine the effects of 118 treatment on IL-23 expression, we analyzed IL-23p19 mRNA levels in the splenocytes and skin grafts. The levels of IL-23p19 mRNA decreased significantly in the skin grafts but not in the splenocytes, suggesting that 118 suppressed IL-17 secretion in the skin grafts by suppressing IL-23p19 expression but not systemic Th17 differentiation.
Current publications indicate that Th1, Th17, and Treg are greatly involved in acute graft rejection, which raised the question of whether 118 could affect Th1, Th17, or Treg differentiation. We examined the percentages of Th1, Th17, and Treg lymphocytes in vivo and did not observe any differences between the treated and untreated groups. Additionally, the expression of the transcription factors associated with Th1, Th17 and Treg cells was not affected in the skin grafts, indicating that 118 did not influence systemic Th1, Th17, and Treg cell differentiation.
IL-23 is produced primarily by the innate immune cells, including macrophages and DCs, in a manner that is mainly dependent on TLR signaling [27] . Additionally, TLR-driven MyD88-dependent immunity is critical for skin allograft rejection through the induction of DC maturation, priming of graftreactive T cells, and induction of T cell mediated immunity [28] . We further examined the levels of TLR2, TLR4, and MyD88 mRNA in the skin grafts. Our data suggested that the expression of TLR4 and MyD88, but not TLR2, was decreased in the 118-treated group. These results were consistent with the finding that TLR4 activation was required for IL-17-induced tissue inflammation [29] . Finally, the results from the in vitro allogeneic MLR and differentiation experiments confirmed that 118 exerted no direct effects on helper T cell differentiation. The protein levels of IL-23 in the culture system might be too low to be detected because the cytokine secretion profiles do not always correlate with the cell proliferative activity. Although we observed a significant decrease in cell proliferation, cytokine secretion could be less affected [30] . Figure 5 . 118 inhibited the expression of IL-23 and TLR-related genes in the skin grafts. Skin grafts or splenocytes from syngraft control mice, allograft mice and 118-treated allograft mice were harvested on d 9 and the relative mRNA levels of (A) RORγt, (B) IL-23p19, (C) MyD88, TLR4, and TLR2 were measured using qRT-PCR. The numbers indicate the ratios of mRNA expression in allografts to those in syngrafts and were calculated by the comparative C T method. Collectively, our study demonstrates that the MPA derivative 118 is valuable and effective in the prevention of allogeneic murine skin graft rejection and that it exerts its effects by decreasing IL-23 expression and suppressing IL-17 secretion, thus ultimately abrogating inflammatory infiltration into the grafts.
